Traumatic brain injury (TBI) disrupts the complex arrangement of glia and neuronal cells in the central nervous system. Microglia, the resident immune cells, survey the cellular milieu under homeostatic conditions and play a neuroprotective role via clearance of dead cells and debris such as axons and myelin. Resting (ramified) microglia possess a distinct morphologysmall rod-shaped somata with thin processes. After TBI, microglia are activated and transition into an amoeboid morphology. To delineate the spatiotemporal morphological response of microglia after TBI, we used a controlled cortical impact injury model to quantify and characterize microglia at 24 hr and 28 days after TBI in the hippocampus (H) and lateral posterior nucleus of the thalamus (LPNT). Increased numbers of microglia were observed in the H and LPNT at 28 days after controlled cortical impact, but not at 24 hr in comparison to controls. Spatially, controlled cortical impact resulted in an increase of amoeboid microglia bilaterally at 24 hr and 28 days in H and ipsilaterally in LPNT. Temporally, at 28 days, TBI resulted in a significant increase in the number of amoeboid microglia in both H and LPNT. In addition, at 28 days after injury, we observed an increase in translocator protein, a marker for activated microglia, in the ipsilateral thalamus only. TBI results in a spatiotemporal increase in amoeboid microglia in the hippocampus and the LPNT over 28 days. Delineating their spatiotemporal phenotype is critical because it can help identify therapeutic targets with appropriate therapy.
2005; Smith, 2010) . Microglia are responsible for clearance of dead cells and other debris, such as dead axons and myelin and, therefore, have a neuroprotective role (Kalla et al., 2001) . However, chronic activation of microglia can negatively affect neuronal function and hippocampal dependent behavior as well as alter migration patterns of developing neurons Belarbi et al., 2012; Hernandez-Ontiveros et al., 2013) .
We believe that microglia are key targets for therapies intended to reduce neuroinflammation and improve outcomes after TBI. Cellular therapy has demonstrated promise in attenuating the damage caused by secondary neuroinflammation after TBI; however, the timing of therapy delivery is critical to success (Bedi et al., 2018) . We have demonstrated that cellular therapy leads to a decrease in the amoeboid microglia/macrophage response along with a corresponding improvement in spatial learning and memory if given within 24-hr postinjury (Bedi et al., 2018; . Therefore, we have investigated the microglia response to TBI within the hippocampus, as it is critical in the formation and processing of spatial learning (Morris et al., 1982) ; furthermore, it is especially vulnerable to neuronal apoptosis after TBI (Sandhir et al., 2008) . Hernandez-Ontiveros et al. (2013) demonstrated that chronic TBI reduced neuronal cell survival and led to a significant decrease of neurons in the ipsilateral CA3 region of the hippocampus 8 weeks after the injury. Therefore, the hippocampus is an important locus for monitoring both acute and chronic microglial activation and cellular therapy efficacy. In addition to the hippocampus, another vital locus affected by TBI is the thalamus. Recent preclinical experiments have demonstrated early and prolonged activation of microglia in coronal sections of the ventral posteromedial nucleus of the thalamus after fluid percussion injury 7 and 28 days after injury (Thomas et al., 2018) . Evidence from human TBI patients suggests that amoeboid microglia and reactive astrocytes can remain present up to 17 years after injury (Ramlackhansingh et al., 2011) . These data are derived from studies using a positron emission tomography (PET) ligand known as [ 11 C](R)PK11195 (PK) to the peripheral benzodiazepine receptor or translocator protein (TSPO), expressed by reactive glia and macrophages (Maeda et al., 2007; Raghavendra Rao et al., 2000) . TSPO is localized on the outer mitochondrial membranes of astrocytes, microglia, and macrophages (Papadopoulos, 1998) . In patients with TBI, PK binding is significantly elevated in the thalami, putamen, occipital cortices, and posterior limb of the internal capsules even several months to years after the injury (Ramlackhansingh et al., 2011) . Recent imaging of TSPO has demonstrated that TSPO is selective for proinflammatory polarized astrocytes and microglia (Pannell et al., 2020) .
Understanding both acute and chronic microglial activation after TBI is critical for determining effective treatment windows. While the time course of microglial activation after TBI has been extensively studied (Chen et al., 2003; Csuka et al., 2000; Maeda et al., 2007; Sandhir et al., 2008; B. Zhang et al., 2008) , here we examined two specific time points critical for cellular therapy intervention: 24 hr and 28 days post-injury. As mentioned earlier, we have seen that cellular therapy is more effective in the acute time point if given at or prior to 24 hr post-injury (Bedi et al., 2018) . In addition, we are currently investigating the use of cell therapy to treat TBI patients at subacute and chronic time points after injury (www.clinicaltrials.gov; NCT04063215).
In this study, we interrogated the spatiotemporal response of microglia after TBI in a mouse model via morphologic phenotyping of microglia in the hippocampus and thalamus at 24 hr and 28 days after injury. In addition, we examined the spatiotemporal distribution of TSPO, a marker for activated glial cells. 
Methods

Study Design
Adult male (6-7 weeks) C57BL/6 mice (Harlan, Indianapolis, IN) were randomly assigned groups (controlled cortical impact [CCI] or Control). Animals were housed on a 12-hr light/dark cycle with ad libitum access to food and water. We used male mice because of our previous experiments and number of animals used was based on our previous publication (Walker et al., 2012) . Two animals died after the injury, one in the 24-hr group and one in the 28-day group. One ipsilateral hippocampus at 28 days was damaged, and we were unable to count microglia in the particular hippocampus. All protocols involving the use of animals were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (HSC-AWC-11-023).
Injury
A CCI device (Impact One Stereotaxic Impactor, Leica Microsystems, Buffalo Grove, IL) was used to administer a unilateral brain injury to 6-to 7-week-old normal adult male C57BL/6 mice weighing 17 to 21 g (Walker et al., 2011) . Mice were randomly chosen for injury. Mice were anesthetized with 4% isoflurane/O 2 and the head mounted in a stereotactic frame. A midline incision was made to expose the cranium and a craniectomy done to the right parietal association cortex (midway between bregma and lambda, 1 mm right to the midline). The bone flap was removed with a pair of forceps. Animals received a single impact to the parietal association cortex of 1.0-mm depth of deformation with an impact velocity of 5.0 m/s and a dwell time of 200 ms (moderate-severe injury). After the injury, the incision was closed with staples. Uninjured mice (Control) were not placed in a stereotaxic frame, nor did they receive an incision, anesthesia, or craniectomy. In previous craniectomy-alone experiments, we did not observe any differences in the hemispheres based on blood-brain barrier permeability, therefore we did not do craniectomy-alone controls in the current experiments (Bedi, Walker, et al., 2013) . The animals were group housed.
Tissue Harvest
At time points of 24 hr and 28 days, the animals were euthanized during standard perfusion procedures. Under isoflurane anesthesia, the animals' chests were opened, and then using a right ventricle puncture technique, the animals were simultaneously exsanguinated and perfused with 20 ml (10 ml/min) of cold phosphate-buffered saline (PBS) followed by 20 ml (10 ml/min) of cold 4% paraformaldehyde (PFA). After fixation, the brains were removed, fixed in 4% PFA for 24 hr, and stored at 4 C.
Immunohistochemistry and Antibody Characterization
After being stored in 4% PFA for 24 hr, the brains were transferred to a 30% sucrose solution, where they were maintained at 4 C for at least 72 hr and allowed to sink. Brains were then put in a 3% agar mold and sectioned into 30-lm-thick slices using a vibrating-blade microtome (Leica Microsystems, Bannockburn, IL, http:// www.leica.com). Sections (Bregma À3.30 to À3.60) were stained using a standard free-floating protocol as described previously . Sections were washed twice in PBS with 0.01% Triton X-100 (PBST; T-8787; Sigma-Aldrich, St. Louis, MO, http:// www.sigmaaldrich.com) for 1 min, incubated for 20 to 30 min in PBS with 0.02% Triton X-100, and blocked for 1 hr at room temperature (RT) in 3% goat serum (no. 005-000-121; Jackson Immunoresearch Laboratories, West Grove, PA, http://www.jacksonimmuno.com) in PBST. IBA1, a rabbit polyclonal primary antibody, was used to identify microglia and stained a pattern of cells identical to previous publications ([1:100]; Wako Chemicals USA, Cat# 019-19741, RRID: AB_2313566; Torres-Platas et al., 2014). Anti-peripheral benzodiazepine receptor, a rabbit monoclonal primary antibody, was used to identify TSPOþ cells, as demonstrated by previous studies (1:200; Abcam Cat# ab109497, RRID: AB_10862345; Karlstetter et al., 2014) . Glial fibrillary acidic protein, a rabbit polyclonal antibody, was used to identify astrocytes and stained in an identical fashion to previous reports (1:500; Abcam Cat# ab7260, RRID: AB_305808; Liu et al., 2009) .
The antibodies were prepared in PBTB (PBS with 0.01% Triton X-100, 2% bovine serum albumin [A9647; Sigma-Aldrich] and 1% goat serum), and sections were incubated overnight at 4 C. The next day, sections were rinsed briefly and then washed with PBST and incubated with a goat anti-rabbit IgG secondary antibody (1:500; red/568; Molecular Probes (Invitrogen) Cat# A11011, RRID:AB_143157) and a goat anti-mouse IgG secondary antibody (1:500; green/488; Molecular Probes (Invitrogen), Cat# A11029, RRID: AB_A11029) in PBTB for 2 hr at RT. The sections were again rinsed four times with PBST, mounted on slides, and coverslipped with Fluoromount-G (SouthernBiotech, Birmingham, AL, http://www.southernbiotech.com).
Quantification of Immunohistochemistry
Hippocampus. Photomicrographs were taken of the hippocampus at 20Â magnification using a Nikon fluorescent microscope (TE2000-U; Nikon, Tokyo, Japan, http://www.nikon.com) and NIS-Elements imaging software (http://www.nikoninstruments.com/Products/ Software/NIS-Elements-Basic-Research, RRID: SciRes_000190). Slices for immunohistochemistry were taken approximately mid injury (cavity or bruise left by the impactor tip). Additional photomicrographs (63Â) were taken with Carl Zeiss LSM780, Axio Imager 2 microscope and Zen 2.5 lite software (https://www. zeiss.com/microscopy/us/products/confocal-micro scopes.html). For control animals, we matched hippocampal structure to the contralateral hippocampus of an injured animal for analysis. A single slice per animal was examined. Two adjacent photomicrographs of each of dentate gyri (DG), CA3, and CA1 at 20Â of the ipsilateral and contralateral hippocampus were photomicrographed and identified cells expressing IBA1 were quantified. Total cells in each hemisphere were calculated by adding all IBA1þ cells in each photomicrograph of DG, CA3, and CA1.
We used one or two microglial cells as landmarks while moving to the adjacent photomicrograph to prevent double-counting. If the ipsilateral hippocampus was severely damaged, we did not count the ipsilateral side and did not include that animal in the total count. However, we did examine and count the IBA1þ cells in the intact contralateral side. They were further classified based on morphology of IBA1 labeled cells (ramified or amoeboid) based on previous characterizations (Bedi et al., 2018; Torres-Platas et al., 2014; B. Zhang et al., 2008) Thalamus. We examined the lateral posterior nucleus of the thalamus (LPNT) ipsilateral and contralateral to the injury (CCI and Control) at 24 hr and 28 days. A single image was approximately mid-injury was taken at 40Â using a Leica fluorescent microscope Dm4000B LED (https://www.leica-microsystems.com/products/lightmicroscopes/p/leica-dm4000-b-led) and Leica Application Suite V4.12 (https://www.leica-microsys tems.com/products/microscope-software/p/leica-applica tion-suite). A blinded investigator counted all IBA1labeled cells in the photomicrograph in order for unbiased stereology. They were further classified based on morphology as either ramified or amoeboid. In addition, we also examined TSPOþ cells that were examined in the thalami. All photomicrographs were taken blinded and the analyses were done blinded as well.
Immunohistochemistry and quantification of immunohistochemistry were done concurrently for all groups.
Statistical Analysis
All values are presented as mean AE SD. Between-group comparisons were analyzed using analysis of variance (ANOVA) and if found significant, they were further analyzed using Sidak's multiple comparison test.
Statistical significance is indicated with * for p .05, ** indicates statistical significance for p .01, *** indicates statistical significance p .001, and **** indicates statistical significance p .0001.
Results
TBI Increased the Total Number of Microglia in the Hippocampus at 28 Days, but Not 24 hr, After Injury
There was an overall significant increase in the microglial population as determined by a one-way ANOVA after TBI-ipsilateral: F(3, 14) ¼ 13.22, p ¼ .0002 and contralateral: F(3, 16) ¼ 8.68, p ¼ .001. At 24 hr after injury, microglia did not significantly change in population as determined by Sidak's multiple comparisons test in either the ipsilateral (TBI: n ¼ 5, 169 AE 18.5 vs. Control: n ¼ 5, 180 AE 9.0; p ¼ .884, Figure 2E ) or contralateral (TBI: n ¼ 6,195 AE 1.8 vs. Control: n ¼ 5, 180 AE 12.5; p ¼ 0.698, Figure 2F ) hippocampi. Interestingly, at 28 days after injury, we observed significant increases in IBA1þ cells in ipsilateral (TBI: n ¼ 3, 282 AE 10.7 vs. Control: n ¼ 5, 190 AE 5.6; p ¼ .0009, Figure 2E ) and contralateral (TBI: n ¼ 4, 259 AE 11.6 vs. Control: n ¼ 5, 205 AE 8.0; p ¼ .012) hippocampi ( Figure 2F ). Temporally, there was increase in microglia at 28 days in comparison to 24 hr after injury in the ipsilateral (p ¼ .0001, Figure 2E ) and contralateral (p ¼ .002, Figure 2E ) hemispheres.
Bilateral Increases in Amoeboid-Shaped Microglia
Were Observed in the Hippocampus 24 hr and 28 Days After TBI There was an overall significant change in the amoeboid microglial population as determined by a one-way ANOVA-ipsilateral: F(3, 14) ¼ 95.9, p < .0001 and contralateral: F(3, 16) ¼ 45.4, p < .001. At 24-hr post-injury, there was no increase in the total number of microglia due to TBI (Figure 2) ; however, when morphologically characterized, we observed a significant increase in the number of activated ipsilateral microglia (TBI: n ¼ 5, 52.2 AE 18.1 vs. Control: n ¼ 5, 10.4 AE 4.83; p ¼ .0002; Figure 3A , C, and I). Contralateral to the injury, we observed similar significant increases in the number of activated microglia after TBI (n ¼ 6, 45.2 AE 17.6) versus Control (n ¼ 5, 10.4 AE 4.39; p ¼ 0.001, Figure 3E , G, and J).
There were modest but significant changes ipsilaterally when counting ramified microglia at 24 hr. There was a decrease in the number of ramified microglia in TBI (24 hr: n ¼ 5, 116 AE 50.1) in comparison to Control (24 hr: n ¼ 5, 169 AE 19.7; p ¼ .038, graph not shown). There was no significant difference in the contralateral hemisphere when quantifying ramified microglia (TBI: n ¼ 5, 150 AE 36.8 vs. Control: n ¼ 5, 170 AE 25.8, p > .05, graph not shown).
At 28 days post-injury, TBI-treated animals exhibited increased amoeboid microglia in both the ipsilateral (Figure 3B , D, and I) and contralateral hippocampus compared to controls (Figure 3F, H, and J) . On the ipsilateral side there was a significant increase in the number of amoeboid (TBI: n ¼ 3, 149 AE 14.9 vs. Control: n ¼ 5, 20.2 AE 6.38; p < .0001, Figure 3I ). There were no significant changes in the number of ramified microglia (TBI: n ¼ 3, 134 AE 13.6 vs. Control: n ¼ 5, 170 AE 6.91; p ¼ .307, graph not shown). Similarly, on the contralateral side, we also observed a significant increase in the number of amoeboid (TBI: n ¼ 4, 109 AE 14.8 vs. Control: n ¼ 5, 22.6 AE 9.8; p < .0001, Figure 3J ). There was no significant difference in the number of ramified microglia in the contralateral hemispheres between TBI (n ¼ 4, 151 AE 15.1) versus Control (n ¼ 5, 174 AE 12.4; p ¼ .063, graph not shown).
Temporally, there was a significant increase in the number of amoeboid-shaped microglia when comparing 24 hr (TBI: n ¼ 5, 52.2 AE 18.1) versus 28 days ipsilateral (n ¼ 3, 149 AE 14.9, p < .0001; Figure 3I ) and contralateral (24 hr: n ¼ 6, 45.2 AE 17.6 vs. 28 days: n ¼ 4, 109 AE 14.8, p < .0001, Figure 3J ). There was no significant difference in the number of ramified microglia ipsilateral (p ¼ .820) or contralateral (p ¼ .999).
TBI Increased the Number of Microglia in the LPNT at 28 Days Ipsilateral to Injury
There was an overall significant change in the amoeboid microglial population as determined by a one-way ANOVA in the ipsilateral thalamus only-F(3, 15) ¼ 62.9, p < .0001, Contralateral: F(3, 15) ¼ 1.08, p ¼ .387. At 24 hr after injury, there were no differences in the number of microglia in the ipsilateral LPNT (TBI: n ¼ 5, 15.2 AE 4.38 vs. Control: n ¼ 5, 9.6 AE 2.40; p ¼ .841, Figure 4E ) or contralateral LPNT (TBI: n ¼ 5, 11.6 AE 3.78 vs. Control: n ¼ 5, 13.6 AE 3.57; p ¼ .817, graph not shown) when comparing Control versus TBI. In the ipsilateral cortex, we observed a significant increase in total IBA1þ cells at 28 days post-injury in comparison to the control and 24-hr post-injury groups. Panel F: In addition, at 28 days, there was a significant increase in IBA1þ cells in the contralateral cortex in comparison to the control and 24-hr post-injury groups. Panels E and F: At 24 hr, we did not observe a significant difference in the number of IBA1þ cells in the ipsilateral or contralateral cortices between the injury group and control. DG ¼ dentate gyrus; 24-hr cohort: TBI ipsilateral n ¼ 5, contralateral n ¼ 6; control ipsilateral n ¼ 5, contralateral n ¼ 5; 28-day cohort: TBI ipsilateral n ¼ 3, contralateral n ¼ 4; control ipsilateral n ¼ 5, contralateral n ¼ 5. Between-group comparisons were analyzed using ANOVA and if found significant, they were further analyzed using Sidak's multiple comparison test. Statistical significance is indicated with * for p < .05, ** indicates statistical significance for p < .01, *** indicates statistical significance p < .001, and **** indicates statistical significance p < .0001. TBI ¼ traumatic brain injury.
At 28 days after injury, we observed significant increases in the number of microglia in the ipsilateral LPNT (TBI: n ¼ 4, 102 AE 24.9 vs. Control: n ¼ 5, 12.2 AE 4.43; p < .0001, Figure 4E ) and not in the contralateral LPNT (TBI: n ¼ 4, 16 AE 4.08 vs. Control: n ¼ 5, 12.2 AE 4.26; p ¼ .427; graph not shown). Temporally, there was increase in the number of microglia when comparing 24 hr (TBI) versus 28 days TBI (p < .0001, Figure 4E ).
Ipsilateral Increases in Amoeboid Microglia Were Observed in the LPNT 28 Days After TBI
There was an overall significant change in the amoeboid microglial population as determined by a one-way ANOVA in the ipsilateral LPNT only-F(3, 15) ¼ 86.81, p < .0001, Figure 4F -and not in the contralateral LPNT-F(3, 15) ¼ 3.26, p > .05, graph not shown. At 24 hr after the injury, there was no significant increase in amoeboid microglia in the ipsilateral LPNT (TBI: n ¼ 5, 1.6 AE 1.14 vs. Control: n ¼ 5, 0 AE 0; p ¼ .994, Figure 4F ) or in the contralateral LPNT (TBI: n ¼ 5, 0.4 AE 0.54 vs. Control: n ¼ 5, 1.2 AE 1.30; p ¼ .780, graph not shown). At 28 days after injury, there was a significant increase in the number of amoeboid microglia in the ipsilateral LPNT (TBI: n ¼ 4, 102 AE 24.9 vs. Control: n ¼ 5, 1.4 AE 1.14; p < .0001 Figure 4F ). Temporally, TBI increased the number of activated microglia at 28 days in comparison to 24 hr in the ipsilateral LPNT only (p < .0001, Figure 4 ). Amoeboid-shaped microglia significantly increased in the ipsilateral LPNT 28 days after injury There was an acute increase in number of amoeboid IBA1þ cells in the ipsilateral (I) and contralateral (J) hippocampi at 24-hr and 28day post-injury. In addition, there were significantly more amoeboid IBA1þ cells at 28 days, in comparison to 24 hr, post-injury in both the ipsilateral and contralateral hippocampi; 24-hr cohort: TBI ipsilateral n ¼ 5, contralateral n ¼ 6; Control ipsilateral n ¼ 5, contralateral n ¼ 5. 28 day cohort: TBI ipsilateral n ¼ 3, contralateral n ¼ 4; control ipsilateral n ¼ 5, contralateral n ¼ 5. Between-group comparisons were analyzed using ANOVA and if found significant, they were further analyzed using Sidak's multiple comparison test. Statistical significance is indicated with * for p < .05, ** indicates statistical significance for p < .01, *** indicates statistical significance p < .001, and **** indicates statistical significance p < .0001. TBI ¼ traumatic brain injury.
(TBI: n ¼ 4, 102 AE 24.9) in comparison to 24 hr after injury (TBI: n ¼ 5, 1.6 AE 1.14, p ¼ .016, Figure 4H ). There were no significant differences in the number of ramified microglia ipsilateral (p ¼ .909, graph not shown) or contralateral (p ¼ .909, graph not shown).
TBI Results in Chronic Activation of TSPOþ Cells in the Ipsilateral Thalamus
At 28 days post-injury, we only observed TPSOþ cells (a cellular marker for activated microglia found in the outer mitochondrial membrane of astrocytes, microglia, and macrophages) in the ipsilateral thalamus ( Figure 5B) . In contrast, we did not detect any TSPOþ staining control slices at 28 days ( Figure 5A ). Furthermore, at 24 hr post-injury, there were no TSPOþ cells in the ipsilateral or contralateral thalami of the TBI or control groups (data not shown). There were no TSPOþ cells in the hippocampus.
Discussion
After CCI, there were significant, but differing, alterations in the number and phenotype of IBA1þ cells in the hippocampus and thalamus of the mouse brain. At 28 days, but not 24 hr, post-injury, there were significant increases in the total IBA1þ cell population in the ipsilateral and contralateral hippocampi. In addition, there There was a significant increase in the total number of IBA1þ cells in the ipsilateral LPNT of the injured brain at 28 days post-injury in comparison to both 24-hr post-injury and control. Panel J: There was a significant increase in the number of amoeboid IBA1þ cells in the ipsilateral LPNT of the injured brain at 28 days post-injury in comparison to both 24-hr post-injury and control; 24-hr cohort: TBI ipsilateral n ¼ 5, contralateral n ¼ 6; control ipsilateral n ¼ 5, contralateral n ¼ 5; 28-day cohort: TBI ipsilateral n ¼ 3, contralateral n ¼ 4; control ipsilateral n ¼ 5, contralateral n ¼ 5. Between-group comparisons were analyzed using ANOVA and if found significant, they were further analyzed using Sidak's multiple comparison test. Statistical significance is indicated with * for p < .05, ** indicates statistical significance for p < .01, *** indicates statistical significance p < .001, and **** indicates statistical significance p < .0001. TBI ¼ traumatic brain injury.
was an increase in amoeboid-shaped IBA1þ cells at both 24 hr and 28 days post-injury (Figure 3 ). In the ipsilateral thalamus, there were increases in both the total number and number of amoeboid IBA1þ cells at both 24 hr and 28 days post-injury; furthermore, these increases were significantly greater at 28 days post-injury in comparison to 24 hr post-injury. Interestingly, there were no significant changes in the IBA1þ cell populations in the contralateral thalamus at either time point. Initially, activated or amoeboid microglia may help at the site of injury by clearing damaged tissue. Yet, persistent microglia at secondary sites such as the hippocampus and thalamus contribute to the secondary pathology of TBI, possibly by phagocytosis of injured-but not necroticneurons (Aloisi, 2001; Hernandez-Ontiveros et al., 2013) . At 24 hr after injury, there were no changes in the total number of microglia in the injured hippocampi when compared to the control (Figure 2E and F) . This is likely due to the lack of a complete microglial activation at this time point. However, there were significant increases in the amoeboid-shaped microglia in comparison to control ipsilateral and contralateral hippocampi ( Figure 3I ). Since there were no significant differences in the number of microglia between TBI and Control (ipsilateral or contralateral), this indicates that TBI likely causes resident microglia to transition from a ramified to an amoeboid cell. Important to note, perivascular macrophages and other peripheral macrophages may influence counts secondary to an influx of IBA1þ macrophages and myeloid cells from the breach in the bloodbrain barrier. A shortcoming of this study is that we did not use a microglia-specific marker to distinguish between infiltrating macrophages and resident microglia. Future studies will include markers such as P2Y12 (purinergic receptor), which are specific to microglia (Haynes et al., 2006) . All together, these data indicate that there is a proliferation of microglia after injury, influx of infiltrating macrophages, or both. In recent experiments, we used clodronate liposomes to deplete monocytes/macrophages prior to injury. This resulted in an overall decrease of microglia in the brain as measured by flow cytometry (Aertker et al., 2019) . In the absence of infiltrating macrophages, there is less activation of resident microglia (Ma, 2016) . Further investigations to delineate between infiltrating macrophages and resident microglia after TBI are warranted.
Interestingly, we observed significant increases in total microglia number and amoeboid microglia in the LPNT at 28 days, but not at 24 hr post-injury ( Figure 4I and J) . It is possible that there is a delay in the injury effects, and 24 hr is too early to detect any changes in the thalamus, which is further away from the injury site than the hippocampus. This finding is in contrast to other studies that did observe microglia after 24 hr. Specifically, there were changes in immunoreactivity in the cortex, corpus callosum, CA3-Hippocampus, and thalamus after CCI (Chen et al., 2003) . Csuka et al. (2000) also observed increases in microglial immunoreactivity within 24 hr after a weight drop injury in the basal subarachnoid space and choroid plexus of the injured animals. In a fluid percussion model of injury, there were also increases of activated microglia 24 hr in the CA 2/3 region (J. Zhang and De Koninck, 2006) . TBI causes chronic microglia activation, and we observed a significant increase in total number and number of amoeboid microglia at 28 days post-injury in both the ipsilateral and contralateral hippocampi (Figures 2E and F and 3I and J) . We also observed significant increases in total microglia and amoeboidshaped microglia in the LPNT 28 days after TBI ( Figure 4E to J) . The LPNT has multiple connections with other parts of the brain such as the inferior and superior colliculus. However, in contrast to the hippocampus, the increase in number of microglia was only in the ipsilateral hemisphere after injury ( Figure 4I ). Furthermore, the robust increase cell numbers was due nearly entirely to an increase in amoeboid microglia ( Figure 4J ). While we did not observe changes in microglia numbers or phenotype at 24 hr post-injury, others have observed (not quantified) amoeboid-shaped microglia as early as 7 days and up to 28 days after injury in the ventral posteromedial nucleus of the thalamus using a different preclinical TBI model (fluid percussion injury; Thomas et al., 2018) . Recent studies have also linked TBI and increased activity in the ipsilateral auditory thalamus (medial geniculate nucleus) to a fear conditioning paradigm (amygdala) (Hoffman et al., 2019) .
Finally, we observed a dramatic increase in the inflammatory marker TSPO and amoeboid microglia in the ipsilateral thalamus at 28 days post-injury that is absent in control animals. PET studies using PK11195, a TSPO ligand, demonstrated persistent microglia activation for up to 17 years after a single TBI (Ramlackhansingh et al., 2011) . Furthermore, recent work has demonstrated that TSPO identifies activated, versus homeostatic, glial cells (Pannell et al., 2020) . Reports have demonstrated TSPO expression to overlap significantly with amoeboid microglial cells, via costaining with IBA1, in mouse and human tissues (Karlstetter et al., 2014) . Our studies and those of Ramlackhansingh have shown via PET and immunohistochemistry that this neuroinflammation is primarily due to the presence of amoeboid microglia, with only minor contribution from astrocytes and other cell types Bedi, Walker, et al., 2013; Ramlackhansingh et al., 2011) .
Our observations confirmed the results of previous experiments: the thalamus, on the ipsilateral side specifically, is especially susceptible to long-term microglia/ macrophage activation (Cao et al., 2012; Ramlackhansingh et al., 2011) . As a relay center for motivation, cognition, and motor control, with diffuse connections among many functional areas of the brain, deleterious inflammation in the thalamus may contribute to the chronic, neurodegenerative pathology of TBI (Ramlackhansingh et al., 2011) . Other studies have demonstrated that microglia can become primed to activation by previous stimulation and, as a result, do not respond to anti-inflammatory cytokines or neuron-derived antiinflammatory factors (Eggen et al., 2013) . Therefore, the sustained activation of microglia within the thalamus may be a result of priming by the initial injury and resultant microenvironment; furthermore, this provides a potential target for measuring the long-term efficacy of future therapy in vivo. As imaging-based outcomes as increasingly utilized to study the efficacy of therapies in TBI patients, these data presented here may help identify anatomical regions especially susceptible to brain injury at chronic time points and further emphasize the potential advantage of PET-based imaging to identify activated glial cells (Cox et al., 2019) .
One significant limitation of this study is the lack of sex as a biological variable. As we and others have previously described, there are likely sex differences in clinical outcomes after TBI (Berry et al., 2009; Caplan et al., 2017; Coimbra et al., 2003; Ley et al., 2013; Phelan et al., 2007) . Previous reports of conflicting preclinical data about sex differences in the microglia response to injury only highlight the need for further research in this field (Acaz-Fonseca et al., 2015; Gunther et al., 2015; Loram et al., 2012) . Future efforts in our own lab will incorporate both male and female animals.
Conclusion
In summary, our study demonstrates that there is a spatiotemporal increase in amoeboid-shaped IBA1þ cells as early as 24 hr after TBI in the hippocampus but not LPNT. At 28 days post-injury, there is an increase in the number of amoeboid IBA1þ cells over time in both the hippocampus and LPNT. Furthermore, we demonstrated increased TPSOþ cells in the ipsilateral thalamus at 28 days post-injury, indicating sustained glial activation in this region. These data help identify microglia phenotypes at acute and chronic potential treatment windows after TBI and regions of interest to evaluate the efficacy of therapy in preclinical and clinical settings.
